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Within the t-J model, the heat transport of the doped two-leg ladder material Sri4_a;Cai:Cu2404i is 
studied in the doped regime where superconductivity appears under pressure in low temperatures. 
The energy dependence of the thermal conductivity Kc(uj) shows a low-energy peak, while the 
temperature dependence of the thermal conductivity Kc{T) is characterized by a broad band. In 
particular, ndT) increases monotonously with increasing temperature at low temperatures T < 
0.05J, and is weakly temperature dependent in the temperature range 0.05J < T < O.IJ, then 
decreases for temperatures T > O.IJ, in qualitative agreement with experiments. Our result also 
shows that although both dressed holons and spinous are responsible for the thermal conductivity, 
the contribution from the dressed spinous dominates the heat transport of Sri4_2,Caa;Cu2404i. 
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In recent years the 

two-leg ladder material Sri4Cu2404i has attracted great 
interest since its ground state may be a spin liquid state 
with a finite spin gap^. This spin liquid state may play 
a crucial role in superconductivity of doped cuprates as 
emphasized by Anderson^. When carriers are doped into 
Sri4Cu2404i, such as the isovalent substitution of Ca for 
Sr, a metal-insulator transition occurs"'^''^''^, and further, 
this doped two-leg ladder material Sri4_a;Caa;Cu2404i is 
a superconductor under pressure in low temperatures'^' . 
Apart from the observation of superconductivity under 
pressure in Sri4_a;Ca2:Cu2404i, the particular geometri- 
cal arrangement of the Cu ions provides a playground 
for magnetic and transport studies of low-dimensional 
strongly correlated materials^. All cuprate supercon- 
ductors found up now contain square Cu02 planes^, 
whereas Sri4_a;Ca2;Cu2404i consists of two-leg ladders 
of other Cu ions and edge-sharing Cu02 chains^'"^'^, and 
is the only known superconducting copper oxide with- 
out a square lattice. Experimentally, it has been shown 
by virtue of the nuclear magnetic resonance and nu- 
clear quadrupole resonance, particularly inelastic neu- 
tron scattering measurements that there is a region of 
parameter space and doping where Sri4_a;Caa;Cu2404i 
in the normal state is an antiferromagnet with commen- 
surate short-range order^'^'^. Moreover, transport mea- 
surements on Sri4_3;Caj:Cu2404i in the same region of 
parameter space and doping indicate that the resistivity 
is linear with temperatures^, one of the hallmarks of the 
exotic normal state properties found in doped cuprates on 
a square lattice^. These unusual normal state properties 
do not fit in the conventional Fermi- liquid theory* , and 
may be interpreted within the framework of the charge- 
spin separation^, where the electron is separated into a 
neutral spinon and a charged holon, then the basic exci- 
tations of the system are not fermionic quasiparticles as 



in other conventional metals with charge, spin and heat 
all carried by one and the same particles. 

The heat transport is one of the basic transport proper- 
ties that provide a wealth of useful information on carri- 
ers and phonons as well as their scattering processes^"^^. 
In the conventional metals, the thermal conductivity con- 
tains both contributions from carriers and phonons^. The 
phonon contribution to the thermal conductivity is al- 
ways present in the conventional metals, while the mag- 
nitude of the carrier contribution depends on the type 
of material because it is directly proportional to the 
free carrier density. For the underdoped cuprates on a 
square lattice, the phonon contribution to the thermal 
conductivity is strongly suppressed^'^'"'^^. Recently, an 
unusual contribution to the thermal conductivity of the 
doped two-leg ladder material Sri4_2,Ca3;Cu2404i has 
been observed^°^^^. It has been argued that this unusual 
contribution may be due to an energy transport via mag- 
netic excitations^"'^^, and therefore can not be explained 
within the conventional models of phonon heat trans- 
port based on phonon-defect scattering or conventional 
phonon-electron scattering. In particular, in the doped 
regime where superconductivity appears under pressure 
in low temperatures, this unusual contribution domi- 
nates the thermal conductivity of Sri4_2,Caa;Cu2404i. 
This is a challenge issue since it is closely related to 
the doped Mott insulating state that forms the basis 
for superconductivity^. We^^ have developed a charge- 
spin separation fermion-spin theory to study the phys- 
ical properties of doped Mott insulators, where the 
electron operator is decoupled as the gauge invariant 
dressed holon and spinon. Within this theory, we^^'^* 
have discussed charge transport and spin response of 
Sri4_j:Caa;Cu2404i. It has been shown that the charge 
transport is mainly governed by the scattering from the 
dressed holons due to the dressed spinon fluctuation. 



while the scattering from the dressed spinons due to the 
dressed holon fluctuation dominates the spin response^^. 
In this paper, we apply this successful approach to discuss 
the heat transport of Sri4_a;Caa;Cu2404i. Within the t-J 
model, we show that although both dressed holons and 
spinons are responsible for the heat transport, the contri- 
bution from the dressed spinons dominates the thermal 
conductivity of Sri4_a;Caa;Cu2404i in the doped regime 
where superconductivity appears under pressure in low 
temperatures. 

The two-leg ladder is defined as two parallel chains 
of ions, with bonds among them so that the interchain 
coupling is comparable in strength to the couplings along 
the chains, while the coupling between the two chains 
that participates in this structure is through rungS"'^. It 
has been argued that the essential physics of the doped 
two-leg ladder antiferromagnet is contained in the two- 
leg ladder, and can be effectively described by the t-J 
model^, 

H = -i|| 2_^ C^^^d+rjaa - t± 2^(Cjj^Cj2cr + Q2cr C'ilff) 
ifjaa ia 
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supplemented by a single occupancy local constraint 
So- ^iaa^iaa < 1, whcrc i) — icQX, cq IS the lattice con- 
stant of the two-leg ladder lattice, which is set as unity 
hereafter, i runs over all rungs, a{—'l, |) and a(= 1, 2) are 
spin and leg indices, respectively, CJ^^ {C'iaa) is the elec- 
tron creation (annihilation) operator, S^q — Cj^aCia/'^ is 
the spin operator with a = {ax, cfy,cfz) as the Pauli ma- 
trices, and /i is the chemical potential. In the materials 
of interest^'^, the exchange coupling J\\ along the legs is 
close to the exchange coupling J±^ across a rung, and the 
same is true of the hopping t\\ along the legs and the rung 
hopping strength t^. Therefore in the following discus- 
sions, we will work with the isotropic system J±^ — Jn — 
J, t± = tn = t. The strong electron correlation in the 
t-J model manifests itself by the single occupancy local 
constraint, and thus the crucial requirement is to impose 
this local constraint. This local constraint can be treated 
properly within the charge-spin separation fermion-spin 
thcoryie, Qat = hl^^S', C^ai = hl^^S+, where the 
spinful fcrmion operator hiaa — e^^^^'hia describes the 
charge degree of freedom together with some effects of the 
spinon configuration rearrangements due to the presence 
of the hole itself (dressed holon) , while the spin operator 
Sia describes the spin degree of freedom (dressed spinon), 
then the electron local constraint for the single occu- 
pancy, Y.a^iaa'^iacy = S^^h^a^h-^T^ 3,^^ + S^^^hialh-^^S^^ = 

h^ahl{S+ST-^ + SrS+) = 1 - hlh,a < 1, IS satis- 
fied in analytical calculations, and the double spinful 
fermion occupancy, /iL^/^Ia-a = e**-/i|^/i|^e***-' == 0, 



hiacrhta-a = e ''^^'' hiahiaG '*'-" = 0, are ruled out au- 
tomatically. It has been emphasized that this dressed 
holon hiaa is a spinless fermion hia incorporated a spinon 
cloud e~**'" (magnetic flux), and then is a magnetic 
dressing. In other words, the gauge invariant dressed 
holon carries some spinon messages, i.e., it shares its non- 
trivial spinon environment^^. Although in common sense 
hiaa is not a real spinful fermion, it behaves like a spin- 
ful fermion. In this charge-spin separation fermion-spin 
representation, the low-energy behavior of the t-J ladder 
(1) can be expressed as^^, 

ifia 

i 

iaa 

+ Jeff 2_^ ^«a ' ^i+m + '-^cS 2_^ ^il ' ^i2, (2) 

if}a i 

with Jeff = J(l - (5)2, and S = {h\^^hiaa) = {hlaKa) 
is the hole doping concentration. In this case, the ki- 
netic part has been expressed as the dressed holon-spinon 
interaction, and therefore reflect a competition between 
the kinetic energy and magnetic energy. This compe- 
tition dominates the essential physics since the dressed 
holon and spinon self-energies are ascribed purely to the 
dressed holon-spinon interaction. 

Now we follow the linear response theory^^, and obtain 
the thermal conductivity along the ladder. 



Kc{uj,T) 



iimnQ(cj,r) 
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with TiQ{ijj,T) is the heat current-current correlation 
function, and is defined as, 



nQ(T-T') = -(r.jQ(r)jQ(T')), 



(4) 



where r and r' are the imaginary times and T^ is the 
T order operator, while the heat current density is ob- 
tained within the t-J ladder Hamiltonian (2) by using 
Heisenberg's equation of motion as, 
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t^{R.i2 - Yiii){h\^^hi2a - hl^^hiia) 



+ i{xi-tf Y^{'R■^2 - R^l)(/^L/^^2^ ^ /^L'^^I't), (5b) 
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+ ^i2i^il^i+fil ^ ^il^i+fil)\ 
+ V^MK^i+fil ~ ^i+fi2)i^i2^il ^ ^il^i2)\ 
+ (Ri2 - Ril)e||[S'fi(S'^2'S'i+jj2 ^ ^i2^i+fi2) 
^ ^i2\^il^i+fll ^ ^il^i+fil)\ 

+ 2(Ri2 - Rji)e||e^[5'fi5'j2'5'j+^i - S^2S^lS^^■2] 

+ 2(Ri2 — ^il)^-L[^i+fi2^il^i2 ^ ^i+fil^i2^il\l 

+ zie^V^^ff ^(R.2 - n,,)iS+Sr, S+Sr^), (5c) 

i 

where Hn and Ri2 are lattice sites of leg 1 and leg 2, 
respectively, e|| = 1 + 2t(f)\\/Jcs, e± = 1 + 'it(j)±/Jeg, the 
dressed spinon correlation functions xii = ('S'^j5'~,-), 
X± = ('5'ii'S'2i)j ^nd the dressed holon particle-hole or- 
der parameters (f)\\ = {h^^^hai+fia) , 4>± = (^Lcr^2i<j)- 
Although the total heat current density jq has been 

separated into two parts Jq and Jq , with j'q is the 

(s) 

dressed holon heat current density, and Jq is the dressed 
spinon heat current density, the strong correlation be- 
tween dressed holons and spinous is still included self- 
consistently through the dressed spinon's order parame- 
ters entering in the dressed holon's propagator, and the 
dressed holon's order parameters entering in the dressed 
spinon's propagator. In this case, the heat current- 
current correlation function of the two-leg ladder system 
can be obtained in terms of the full dressed holon and 
spinon Green's functions ga(k,ui) and Z)(fc,w). Because 
there are two coupled t-J chains in the two-leg ladder 
system, the energy spectrum has two branches. There- 
fore the one-particle dressed holon and spinon Green's 
functions are matrices and can be expressed as g„{i — 
j, T -t') = giaii - j, T - r') + (Jx9Ta{i - 3, t - t') and 
D{i- 3,t-t') = DL{i-3,T -T') + GxDT{i- jjT -t'), 
respectively, where the longitudinal and transverse parts 
are defined as gLa{i - 3, t - t') = -{Trh^aa{T)h}jaAT'))^ 
Dl{i - 3,r - t') = -{TrS+{T)Sr,{T')) and grA^ - 
3,r- t') = -{TrKaa{T)h]^,A^')), Dt{i -3,r- t') - 
-{TtSI^{t)SJ^,{t')), with a' ^ a. Following the discus- 
sions of the charge transport^'', we can obtain the thermal 



conductivity of the doped two-leg ladder antiferromagnet 
as. 






(6a) 



+ KhAAT"\k,u' +u)A^^''\k,u:') 



.{ho 



,{ha). 



AP(fc,c.' + c.)yiP(fc,..')]} 
npijjj' + cj) — npiuj') 



Tlo 



(6b) 



4^)(^,T) 



— E 

2N ^^ 



duj' 



X {A,i[A^;;\k,uj' + u;)A'^j;\k,u;') 
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+ A)^>{k,u;' + u;)A)j:>{k,uj')] 
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+ As2[A^L'{k,uj'+uj)A^^>{k,u;') 
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+ A}^>{k,u;' + u;)A'^l>{k,uj')] 
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+ As3[A'^\k,u;'+u;)A';:>{k,u;') 
-Ai^\k,Lu' + Lu)A^T\k,u;')]} 

"" 7^ ' 
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where Kc {^,T) and Kc {ui,T) are the corresponding 
contributions from dressed holons and spinous, respec- 
tively, N is the number of rungs, and 

Ahi = {Zxi\tflMZx\itjk + li? + ix^tf], (7a) 

Ah2 = 2{Zx\\tfilk{Zx\\tlk + t-iKx±t), (7b) 

Ah3 = -{x±tf[iZx\\tlk + f^f - ix±t)% (7c) 
A,i = 272,j4g.z2{[2Ze||(6||X|| + q, - 2x||7fe) 

+ ei(e||X± + C^)f + (e||X± + e±X||)'}, (7d) 

A.2 = -47ffc Je'ff^' 

{ 2Ze||(e||X± + eiX||)(e||X|| + C|| - 2x||7fc) 

+ e±(e||Xi + C±)(e||X± + e±X||)}, (7e) 

A,3 = ~2J^A[\^l 

+ Zei((e||X± - C^hk + (e||Ci - X±))]' 
-Z2[(e||Xi+eiX||)7fc-e||(e±X||+C±)]'}, (7f) 

with 7^^, = sin k^, jk = coskx, Z is the coor- 
dination number within the leg, the dressed spinon 
correlation functions q, = il/Z^)J2f,^,(S+^^f^S-^^^,}, 

C± = a/Z)Ef,iSiS-^+f,), np{u) and nsiuj) are 



the fermion and boson distribution functions, respec- 
tively, and the longitudinal and transverse spectral 
functions of the dressed holon and spinon are ob- 



.{ha) 
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tained as A)^ ik,uj) = —2lnigL„{k,uj), Aj^'{k,Lu) = 
—2linDL{k,LL!) and Aj!''^' {k,ui) = —2liagT(r{k,u;), 

A^ {k,oj) — — 2Im_DT(fc, w), respectively, where 
the full dressed holon and spinon Green's func- 
tions have been obtained in Refs.^^'^^, and are ex- 
pressed as, g~^{k,uj) = ga ik,(-o) — Tj'^^\k,Lo) and 
D-^{k,uj) = L>(")-i(fc,w) - S('^)(fc,w), with the lon- 
gitudinal and transverse mean-field dressed holon and 
spinon Green's functions g\^^{k,u)) — l/2^^1/{uj — 



t('')\ n(0) 



{") U, ,2 I, ,i'^)\2\ 



and 



er), Dr{k,u;) = l/2E.Br/{co'-H 

l/2E.(-l)"+'^i"V(^' - (4"')')' where ly ^ 1,2, and 
the longitudinal and transverse second-order dressed 
holon and spinon self-energies are obtained by the loop 
expansion to the second-order"'^'^'"'^* as, 

j:['\k,co) = (1)^^ Yl ^i'X"ik,P.1,u.), (8a) 

pq w' I/" 
pq vv' v" 

(-l)"^+'^'+'^"+'4'l"(fc,P,9,^), (8b) 
Y.f{k,^) = {-LfJ2 E 41'Ak,P,q,u^l (8c) 



pq uu'u" 



4^'(fc,-)-(i^)^EE 

pq w' v" 

{-lY+'''+""+'^^:l,Ak,P,q,^), (8d) 



respectively, where ^\^J,j^,,{k,p,q,uj) and 

^i^^'„"ik,P,q,^) are given by, 






-uu'v"ik,p,q,uj) == "75') '^ iil^Tg+p+fc + (-1) 

32Wg + p^ ^ 
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+ [Z7,-fc + (-1)'^'+'^'?} 
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UJ + LOg+p -UJq - 4p+fe 

FZl„{k,P,q) 
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^ - ^q+p + W, 
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F!;ll4k,p,q) 



^ + ^q+p +^q - tp+k 

F!.'X"ik,P,q) 



"(■') 



UJ — UJ^ 
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E]:X„{k,p,q,u;) = -^^{[Z-fg+p+k + (-1) 



\u+i'"]2 



Ulo 



+ [Z7,-fe + {-ir'+-"r} 

Ti'X„{k,P,q) 

^ + ^p+q ^ ^1 ^ ^k+p 

T^^lAk,P,q) . 

k+p 



^ + ^p+q - t.q + 



(9b) 
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with Bl"' =Bk- Jeff[x± + 2xl(-l)1[ei + (-1)"^], Bfe = 
A[(2e||xf + xwhk - {em + 2xf )], A = 2ZJ,s, and 

Fill. ( fc,p,g)=n^(cJi2)[nB(c.M)-nB(c.;;])] 

+ nBicjill)[l + nB{4-'>)] (10a) 

Fll}^„ ( k,p,q)^nAi':l2)inB{4'il)~ns{u;^-n 

+ nB{uJ^g''^)[l + nB{Jg'il)] (10b) 

Fill. ( k,p,q)=.npicli:^)[l + nBicji'il) 

+ nBic^i-^)]+nBic^i-^)nBi4ll) (10c) 

Fit},,, ( fc,P,9) = [l + nB«))][l + nB(a'^;])] 

- "F(Ci+2)[l + «b(^Sp) + "B«))] (lOd) 
rilU (fc,p,g)=n^(d;h[l-n^(4^))] 



,(''") 



p+qj 



A'^')^ 



-nBH+>)[nAeq''n-nF{e;+>)] 



(lOe) 



rLlU (fc,p,g)=n^(4^;))[l-n^(4'^))] 

+ [1 + nB(^i';;')][n^(4^)) - npi^<pll)], (10^) 
and the mean-field dressed holon and spinon excitations. 
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ek'^ztx\ak+^i+x±t{-ir+\ 



(lla) 
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,1 



1 A 



"e||A (2X11 +e||X|)7fe-e||A [2a(2^llX| 
+ Xi)+a(q|+^q|) + ^(l-a)]7fc 



ae^AJoff(C_L + e||X±)7fc + aAJcf}'(-l) 
(f-LXll + e||X±) + e||e±(xl + xf )]7fe 



I'+i 



ae||AJeff(Cl +xl)7fc + A'[a(q + ijejjqi) 



1 .1 



+ -(l-a)(l + e|)--ae||(-X||+e||X| 



+ aXJ,s[e\ie^Ci_ + 2Cl] + -J^si^l + 1) 



+ e±(xf + Cl) + -e||CJ, 



(lib) 



k+p 



where the 

dressed spinon correlation functions xfi = {Sai^ai+v)^ 
Xl = {Sf.SI,), q = {l/Z^)Ef,r,'{Sa^+f,S:,+,y), and 



CI = (l/^)Eri('S'u'S'li+Ji)- In order to satisfy the sum 
rule for the correlation function {S^^S^^} = 1/2 in the 
absence of the antiferromagnetic long-range-order, a de- 
coupling parameter a has been introduced in the mean- 
field calculation, which can be regarded as the vertex 
correction^^. All the above mean-field order parameters, 
decoupling parameter a, and chemical potential fi, have 
been determined by the self-consistent calculation. 

In the two-leg ladder material Sri4_j;Ca2;Cu2404i, 
the most remarkable expression of the nonconventional 
physics is found in the doped regime where the hole dop- 
ing concentration on ladders at x = 8 ~ 12 is correspond- 
ing to S — 0.16 ~ 0.20 per Cu ladder^'"^'^. In this doped 
regime, superconductivity appears under pressure in low 
temperatures, and the value of J|| has been estimated^ 
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FIG. 1. The thermal conductivity of the doped two-leg lad- 
der material as a function of frequency at doping 5 — 0.16 
(solid line) and 5 — 0.20 (dashed hne) for parameter t/J — 2.5 
with temperature T — 0.05J. 
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FIG. 2. The thermal conductivity of the doped two-leg 
ladder material as a function of temperature at doping 
S — 0.16 (solid line) and 5 — 0.20 (dashed line) for pa- 
rameter t/J — 2.5. Inset: the experimental result on 
Sri4_2,Ca2,Cu2404i with a; = 12 taken from Ref.^°. 



as J = J|| w 90 meV « lOOOK. Therefore in the fol- 
lowing discussions, we focus on this doped regime. In 
Fig. 1, we present the results of the thermal conductivity 
Kciuj) in Eq. (6a) as a function of frequency a,t S = 0.16 
(solid line) and S = 0.20 (dashed line) for t/J = 2.5 with 
T = 0.05 J. Although Kciuj) is not observable from exper- 
iments, its features will have observable implications on 
the observable Kc{T). Our results in Fig. 1 show that the 
frequency dependence of the thermal conductivity spec- 
trum is characterized by a rather sharp low-energy peak. 
The position of this low-energy peak is doping dependent, 
and is located at a finite energy a; ^ O.lt = 0.25 J « 23 
meV. This low-energy peak is corresponding to the peak 
observed in the conductivity spectrum^^'^^. Moreover, 
we also find from the above calculations that although 
both dressed holons and spinous are responsible for the 
thermal conductivity Kc{uj), the contribution from the 
dressed spinous is much larger than that from the dressed 
holons, i.e., Kc (ut) ^ Kc (i^), and therefore the thermal 
conductivity of the doped two-leg ladder antiferromagnet 
in the hole doped regime (5 = 0.16 ~ 0.20 is mainly de- 
termined by its dressed spinon part Kc (uj). 

Now we turn to discuss the temperature dependence 
of the thermal conductivity Kc{T), which is observable 
from experiments and can be obtained from Eq. (6a) as 
Kc{T) = liia^^o Kc{lu,T). The results of Kc{T) at S = 
0.16 (solid hne) and 5 ^ 0.20 (dashed hne) for t/J = 2.5 
are plotted in Fig. 2 in comparison with the correspond- 
ing experimental results^° taken on Sri4_a;Caa;Cu2404i 
(inset), where the hole doping concentration on ladders 
at a; = 12 is 5 = 0.20 per Cu ladder. The present results 
indicate that the temperature dependence of the thermal 
conductivity in the normal-state exhibits a broad band, 
i.e., Kc(T) increases monotonously with increasing tem- 
perature at low temperatures T < 0.05J w 50K, and is 
weakly temperature dependent in the temperature range 
0.05J « 50K< T <0.1J « lOOK, then decreases for tem- 
peratures T > O.IJ « lOOK, in qualitative agreement 
with the experimental data^o. For T < O.OIJ « lOK, the 
system is a superconductor under pressure. In this case, 
the thermal conductivity of the doped two-leg ladder an- 
tiferromagnet is under investigation now. 

In the above discussions, the central concern of the 
heat transport in the doped two-leg ladder material 
Sri4_a;Caa;Cu2404i is the charge-spin separation, then 
the contribution from the dressed spinous dominates the 
thermal conductivity. Since Kc {uj,T) in Eq. (6c) is 
obtained in terms of the dressed spinon longitudinal 
and transverse Green's functions DL(k,ui) and DT{k,uj), 
while these dressed spinon Green's functions are eval- 
uated by considering the second-order correction due to 
the dressed holon pair bubble, then the observed unusual 
frequency and temperature dependence of the thermal 
conductivity spectrum of the doped two-leg ladder anti- 
ferromagnet is closely related to the commensurate spin 
response"*'^®. The dynamical spin structure factor of the 
doped two-leg ladder antiferromagnet has been obtained 



within the charge-spin separation ferniion-spin theory^^ 
in terms of the full dressed spinon longitudinal and trans- 
verse Green's functions as, 



S{k,Lo) 



= -2[l + nB{uj)][2linDL{k,uj) + 2lmDT{k,u)] 
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4[1 + nsMKB^'O'lniS^^Tl^ 
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(12b) 



.(s)^ 



[W{k,uj)]'^ 
Wik,Lu)^Lu^-iu;l}^f- 

where ImE^''^(fc, w) = ImY.'i' {k,uj) + lmY.)^'{k, 

ReE^j;l{k,u) = Rei:'--;\k,uj) + ReY.i^\k,uj), while 

IniE^"^(fc,w) {lmJ:i^\k,uj)) 

and KeT^^ {k,uj) (ReE^ (fc,w)) are the imaginary and 
real parts of the second order longitudinal (transverse) 
spinon self-energy in Eqs. (8c) and (8d). The renormal- 

ized spin excitation El = {J^^y + B[^'^ReJ:^^l{k,Ek) 
in S{k,U!) is doping, energy, and interchain coupling de- 
pendent. In the two-leg ladder system, the quantum in- 
terference effect between the chains manifests itself by 
the interchain coupling, i.e., the quantum interference 
increases with increasing the strength of the interchain 
coupling. In the materials of interest, J± '^ Jii and 
t± ^ t||, we have shown in detail in Ref.^*, the dynam- 
ical spin structure factor in Eq. (12) has a well-defined 
resonance character, where S{k, uj) exhibits the commen- 
surate peak when the incoming neutron energy lo is equal 
to the renormalized spin excitation Ek, i.e., W{kc,Lu) = 
[u;2 _ (4i))2 _ Bil^ReJ:'-^l{k,, u;)? = [u^ Elf ^ at 
antiferromagnetic wave vectors Icaf, then the height of 
this commensurate peak is determined by the imaginary 

part of the spinon self-energy l/lmE,^j,{kc,oj). Since the 
incoming neutron resonance energy Wr = Ek is finite^*, 
then there is a spin gap in the system. This spin gap 
leads to that the low-energy peak in nd'-^) is located at a 
finite energy Wpoak ~ 23meV. This anticipated spin gap 
As ~ 23 meV is not too far from the spin gap ~ 32 meV 
observed® in Sri4_2:Caa;Cu2404i. Therefore the com- 
mensurate spin fluctuation of the doped two-leg ladder 
material Sri4_2:Caa;Cu2404i is responsible for the heat 
transport, in other words, the energy transport via mag- 
netic excitations dominates the thermal conductivity^^. 
Based on the simple theoretical estimate^^, the large 
thermal conductivity observed in the two-leg ladder ma- 
terial Sri4Cu2404i has been interpreted in terms of the 
magnetic excitations in the system^ ^. Our present expla- 
nation is also consistent with theirs^^. 

To conclude we have discussed the heat transport of 
the two-leg ladder material Sri4_a;Ca2:Cu2404i within 
the t-J ladder in the doped regime where superconduc- 
tivity appears under pressure in low temperatures. It is 
shown that the energy dependence of the thermal con- 
ductivity spectrum Kc(w) shows a low-energy peak, and 
the position of this low-energy peak is doping dependent, 
and is located at a finite energy. The temperature depen- 



dence of the thermal conductivity Hc{T) is characterized 
by a broad band. Kc{T) increases monotonously with 
increasing temperature at low temperatures T < 0.05 J, 
and is weakly temperature dependent in the tempera- 
ture range 0.05J < T < O.IJ, then decreases for tem- 
peratures T > O.IJ. Our result of the temperature de- 
pendence of the thermal conductivity is in qualitative 
agreement with the major experimental observations of 
Sri4_a,CaxCu2404i in the normal-state^°. Our result also 
shows that although both dressed holons and spinous are 
responsible for the thermal conductivity, the contribution 
from the dressed spinous dominates the heat transport. 
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